• from the true angle are {74%, 77%, 66%}.
I. INTRODUCTION
In conventional blood flow estimation, the velocities are dependent on the direction of the emitted beam, as only the axial component of the velocity vector is estimated. The directional cross-correlation method suggested by Jensen in [1] - [2] is capable of estimating the two-dimensional velocity vector. The two-dimensional velocity vector is independent on the beam direction and provides information on the magnitude as well as the direction of the flow.
In this paper, the directional cross-correlation method is investigated. Based on the theory in [1] - [2] , a fully automatic velocity vector estimation algorithm is developed and implemented. Experimental investigations are carried out; these include an experimental setup using a water tank with three different fixed beam-to-flow angles and in-vivo. The in-vivo measurements include the common carotid artery and the femoral bifurcation
II. VELOCITY VECTOR ESTIMATION
The two-dimensional velocity vector is obtained by estimating flow direction and velocity magnitude separately as described below.
A. Velocity Estimation
The magnitude of the velocity vector is estimated by identifying the spatial shift of a directional signal over time. Beamforming along the estimated flow direction, two directional signals, g 1 (x ) and g 2 (x ), are obtained. Assuming laminar flow, the two directional signals are identical, except for a displacement, due to the movement of the blood scatterers.
The spatial shift between the two signals is found by crosscorrelating the two signals
where L is the length of the directional signal, R 11 (τ ) and R 12 (τ ) denote the auto-correlation and the cross-correlation functions, respectively. R 12 (τ ) is a shifted version of the autocorrelation of the signal g 1 (x ). The auto-correlation function normally peaks at τ = 0, but due to the subtraction of the term | v| T prf , R 11 reaches its maximum at τ peak = | v| T prf . Thus, the magnitude of the velocity vector is found by identifying the lag corresponding to the maximum peak
The magnitude of the velocity along the flow direction is then
where T prf is the pulse repetition interval.
B. Angle Estimation
The direction of the flow is obtained by estimating the beam-to-flow angle, θ. Based on an assumption of laminar flow, the flow direction provides the largest amount of correlation between the two directional signals. The amount of correlation can be quantified by the correlation coefficient. Let g 1 (x ) and g 2 (x ) denote the two directional signals beamformed along the direction, φ. By denoting the mean values of each of the signals, µ 1 and µ 2 , the correlation coefficient can be estimated by [3] 
where R 11 (0) and R 22 (0) denote the auto-correlation functions at lag 0, and R 12 (τ ) is the cross-correlation function given by (1) . The auto-and cross-correlation functions in (5) 
whereθ d is the discrete estimated beam-to-flow angle.
To improve the accuracy of the discrete estimate,θ d , is interpolated using the following expression
where ∆φ is the angular distance between two consecutive beamform angles.
III. MEASUREMENTS
To validate the implemented velocity vector algorithm, a set of measurements have been carried out using the experimental ultrasound scanner, RASMUS [4] . The standard parameters for all measurements are stated in Table I .
A. Experimental Setup
An experimental setup uses a water tank with a tube as illustrated in Fig. 1 . The transducer is placed at a fixed beamto-flow angle, θ, within the water tank. The tube is connected to a pump, and the volume flow rate of the fluid is controlled by a valve and registered by a Danfoss MAG 1100 flow meter. The flow is assumed to be laminar and have a parabolic flow profile, which is characterized by [5] 
where z denotes the direction perpendicular to the flow direction, R is the radius of the vessel and v 0 is the peak velocity in the center of the vessel. v 0 is determined by the chosen volume flow rate of the pump. Measurements are carried out using the three beam-to-flow angles, θ = {60
• , 75
• , 90
• }, where θ = 90
• is transverse flow. 
B. Measurement Sequence
The measurements have been carried out using 64 active elements, which are both transmitting and receiving. These 64 elements obtain data, which provides information for one scan line. To obtain data for a full image, the active part of the aperture is displaced along the lateral direction. A total of 33 scan lines with 60 emissions for each line have been acquired resulting in a frame rate of 7.5 Hz.
C. Experimental Validation
The performance of the implemented velocity vector estimation algorithm has been investigated along the center scan line. The performance measures, bias and standard deviation, are stated in Table II . The velocity estimates have been estimated using two different approaches; along the fixed direction, θ, and along the estimated direction,θ.
Along the fixed direction, the velocity estimation demonstrates a very satisfying performance for all three test angles, including transverse flow. A decrease in performance, especially for the transverse flow, is identified, when estimating the velocities along the estimated directions. This decrease is a direct consequence of the performance of the angle estimates. Thus, the fully automatic velocity vector estimation algorithm is limited by the performance of the angle estimation.
Vector flow images have been produced. The velocity vector estimates are visualized using a color to display the magnitude, and an arrow pointing in the direction of the flow. The arrows are scaled by the magnitude of the velocity.
In Fig. 2 , the vector flow image of the θ = 75
• measurement is shown. The intensity of the colors and the scaling of the arrows indicate a parabolic flow profile. The general direction of the flow is easily recognized. The distribution of the estimated angles have been investigated. The percentages within θ ± 10
• are stated in Table III . For all three test angles, the majority of the angle estimates fall within this interval. 
IV. IN-VIVO MEASUREMENTS
Measurements have been carried out on a human volunteer. All measurements are from a healthy 25-year-old female volunteer. The measurements have investigated the blood flow in the common carotid artery and the femoral bifurcation.
Prior to the in-vivo blood flow measurements, the intensities of the actual measurement sequence have been measured. This is a requirement to accommodate the restriction [7] set by the U.S. Food and Drug Administration (FDA). The measured intensities are I spta.3 = 39 mW/cm 2 , I sppa.3 = 9 W/cm 2 and MI = 0.14, which all are well within FDA limits.
For each of the measurements, a sequence of 28 vector flow images have been acquired. These have been combined into movies visualizing the pulsating blood flow in the two arteries. In the following, two single frames from the two movies are shown.
A. Common Carotid Artery
The two vector flow images, Fig. 3 , visualize the blood flow in the common carotid artery. In both vector flow images, the general direction of the flow is easily recognized, and the velocities fall in the range of [0; 0.5] m/s.
To estimate the cardiac cycle, the variation of the mean velocity as shown in Fig. 4 is investigated. Each point represents a frame in the acquired sequence. The peak systoles are easily recognized. However, due to the sparse representation, the peak systoles cannot be regarded as more than indications. As a consequence, the first peak has not been acquired. This peak is indicated by the dashed curve. Based on the estimated cardiac cycle, a heart rate of 89.5 bpm is estimated from the time difference between two peaks. Again, due to the sparse representation, the heart rate is merely a rough estimate. The resting normal heart rate is 60-80 bpm [8] . The measured rate is somewhat high, which could be due to stress during the measurement sequence.
The mean blood flow velocity during the systole and diastole in the greater arteries is in the range of 5-18 cm/s [8] . The temporal mean velocity during the entire cardiac cycle is 9.7 cm/s and indicated by the horizontal dashed line in Fig. 4 . 
B. Femoral Bifurcation
The estimated blood flow in the femoral bifurcation is visualized by the two vector flow images in Fig. 5 . In general, the estimated mean velocities in the femoral arteries are somewhat lower than in the common carotid artery. There are several explanations for this phenomenon, e.g., the reduction of the hydrostatic pressure in the vessels due to a supine position of the test subject. The estimated direction of the flow is not as distinct as in the previous measurement. The majority of the angle estimates indicate the direction of the flow from the bifurcation point into the two branches. However, several angle estimates are not consistent with the assumed flow direction. Especially in the deep branch, the angle estimates appear underestimated.
In [9] , investigations of the blood flow in the carotid bifurcation using the Transverse Oscillation method have shown a turbulent flow pattern at the bifurcation point and in the internal carotid artery. The turbulent behavior is not evident in Fig. 5 . However, this could explain the less distinct flow direction.
V. CONCLUSIONS
Based on the theory of the directional cross-correlation method, a fully automatic velocity vector estimation algorithm has been developed and implemented in Matlab. The algorithm has been validated against measurements using an experimental setup. The validation has provided satisfying performance measures. In-vivo measurements have been carried out on a human volunteer for the common carotid artery and the femoral bifurcation. Based on these measurements, vector flow images and movies have been produced. 
